The mechanism of neutralization of a type A influenza virus by polyclonal IgM was similar for both tracheal epithelial and BHK cells. Maximum neutralization was only 90 % and most (70 %) of the virus failed to attach to inoculated cells. The remainder attached to Nacetylneuraminic acid receptors but was not internalized. IgM aggregated virus, but only at an IgM:virus ratio below the level required for neutralization. Failure to detect any loss of infectivity associated with aggregation suggested that aggregates were unstable. Monoclonal polymeric IgA neutralized virus more efficiently on BHK cells (99-9%) than the equivalent amounts of IgM (90 %). Otherwise the mechanisms of IgA and IgM neutralization were similar, except that IgA-induced aggregation was coincident with loss of infectivity and may thus have contributed to it. However, IgA-neutralized virus attached to tracheal epithelial cells more efficiently than infectious virus, initially using a neuraminidase-sensitive receptor, but then becoming neuraminidase-resistant. Whether the latter IgA-virus complexes were internalized or attached to a neuraminidase-resistant receptor is not known. This use of differentiated murine cells with murine IgA gave neutralization data that differed qualitatively from those obtained with the same antibody and undifferentiated hamster cells.
Introduction
The mechanism of neutralization of influenza viruses is partly dependent on the isotype of the antibody (Dimmock, 1984 (Dimmock, , 1987 . When BHK cells are inoculated with virus neutralized with saturating amounts of IgG, the early events of infection, from attachment to appearance of genome in the cell nucleus, seem to take place normally (Possee et al., 1982 , Taylor & Dimmock, 1985a M. C. Outlaw et al., unpublished) but no transcription ensues. It appears that the IgG-neutralized virus fails to undergo a second stage of uncoating and the genome remains inside the core of the particle (Rigg et al., 1989) . In contrast, attachment of IgG-neutralized influenza virus to chicken erythrocytes and B lymphoma cells was inhibited (M. C. Outlaw et al., unpublished; Eisenlohr et al., 1987) , indicating that the cell type can profoundly influence the mechanism of neutralization. Recent work has attempted to reflect more closely the natural infection by studying IgG-mediated neutralization using fully differentiated, structurally organized, ciliated epithelial cells of mouse tracheal organ cultures (M. C. Outlaw et al., unpublished) . This demonstrates that the mechanisms of IgG neutralization of influenza virus on both ciliated epithelial cells and BHK cells are similar. It was also shown that the ratio of IgG to virus affected the mechanism of neutralization. Saturating amounts of neutralizing IgG did not inhibit the early stages of infection, whereas neutralization by subsaturating IgG concentrations appeared to be due to a comcombination of aggregation, inhibition of attachment and other intracellular mechanisms.
There have been few studies of the neutralization of influenza virus by the polymeric antibodies IgM and secretory IgA, despite the fact that these isotypes are widely found in the respiratory tract. Taylor & Dimmock (1985a,b) found that over half of the influenza virus neutralized by both immunoglobulins failed to attach to BHK cells and that the remainder could be removed with protease, showing that it had not been internalized. These data should be interpreted with caution because only a single, saturating antibody concentration was used with a cultured dedifferentiated cell type, which differs in many respects from the situation encountered during natural infection. Also, the experimental system was unnatural as a chicken virus, and rabbit or rat antibodies were used, together with hamster cells. In this present study we address the above anomalies by using a constant amount of virus with a range of antibody concentrations, differentiated ciliated epithelial cells from tracheal organ cultures, and also a completely murine experimental system.
Methods
Cells. Chick embryo fibroblast (CEF) cells were prepared as described by Morser et al. (1973) and used as primary cultures. Baby hamster kidney (BHK-21) and Madin-Darby canine kidney (MDCK) cells were obtained from Flow Laboratories and mouse embryo fibroblasts (C3H10T½) from ATCC.
Mouse tracheal organ cultures. Five to 10 week old C3H/He-Mg mice were killed by cervical dislocation and the tracheas were removed into 199 medium supplemented with 0-1% bovine serum albumin. Extraneous tissue was trimmed and transverse sections of organ cultures were prepared (Hoorn, 1966) . Each trachea gave about eight organ cultures, which were maintained overnight at 37 °C in 5% CO2 before use. The medium was then replaced. Organ cultures were checked microscopically before being grouped into batches of 20 to 30 and infected with 100 ~tl inoculum for each 10 cultures. Cultures were incubated for 60 min at 37 °C and washed five times with fresh medium. For the study of virus multiplication, infected organ cultures were placed into individual wells of 96-well, fiat-bottomed, tissue culture trays (Sterilin) and incubated with 50 ~tl/well medium at 37 °C. The medium was harvested at daily intervals, centrifuged and stored at -70 °C. To study virus attachment, organ cultures were kept in batches and the tracheal epithelial cells isolated by digesting the organ cultures for 20 min at 37 °C with 1 ml Hank's balanced salt solution (Flow) containing 7mM-Mg 2+, 0.02% EGTA (Sigma), 10U/ml protease XXI (Sigma) and 10 U/ml protease XIV (Sigma). The cells were detached by tapping the culture vial on a firm surface; the supernatant was then removed and kept on ice. The digestion procedure was repeated four times. Finally cultures were washed with 1 ml 199 medium to collect all available cells. Each organ culture yielded 2-4 (+ 0.6) x 104 cells with little contamination either by debris or by erythrocytes. Some (30 to 40%) of the cells possessed actively beating cilia and those lacking cilia were similar in both size and morphology, as judged by light microscopy and transmission electron microscopy, suggesting that both originated from the epithelial layer of the trachea. This was confirmed by the demonstration by immunofluorescence that more than 80 % of epithelial cells isolated immediately after dissection from the trachea of mice infected in vivo for 24 h with A/WSN influenza virus expressed viral antigens (data not shown). Protease digestion did not affect virus infectivity, its ability to be neutralized, or its attachment to epithelial cells and did not release virus that had attached to cells (data not shown).
Viruses. Influenza virus A/FPV/Rostock/34 (H7N1), A/FPV/ Dutch/27 (H7N7) and A/PR/8/34 (HIN1) were grown in embryonated hens' eggs. A/FPV/Rostock/34 was mouse-adapted by serial passage in mouse fibroblasts (C3H10T½), plaque-purified and a stock solution was prepared in eggs. The mouse-adapted virus (mFPV/R) was antigenically identical to the parent A/FPV/Rostock/34 by haemagglutinin inhibition (HI) and neutralization endpoint titrations using a panel of monoclonal IgGs (data not shown). The infectivities of A/FPV/Rostock/34, A/FPV/Dutch/27 and mFPV/R were measured by plaque assay on BHK cells, and of A/PR/8/34 by plaque assay on MDCK cells with 1-25 mg/ml TPCK-trypsin (Sigma) in the overlay. Viral haemagglutinin (HA) was assayed by detecting the presence of virus in doubling dilutions with chicken erythrocytes.
32p-radiolabelled mFPV/R (Amersham) was prepared in CEF cells (Taylor & Dimmock, 1985a) and A/PR/8/34 in MDCK cells with 0-5 mg/ml trypsin in the culture medium. Virus was purified by sucrose gradient centrifugation (Dimmock et al., 1980) .
Antibodies. Polyclonal IgM to the H7 HA was obtained from serum 6 days after intravenous inoculation of 7 to 12 week old C3H-He mice with 103.7 HA units (HAU) of fl-propiolactone-inactivated A/FPV/ Dutch/27. Monoclonal IgA to the HA of A/PR/8/34 was obtained from the hybridoma h37-66-1. This had no secretory component but PAGE analysis showed that it was entirely polymeric (data not shown).
IgA and IgM were purified on a 1 x 60cm Sephacryl S-300 (Pharmacia) column by eluting with saline buffered with 10 mM-Tris-HCI pH 7.4. IgM was precipitated using 6% polyethylene glycol 6000 (BDH) at pH 8 for 60 min on ice, prior to loading onto the column. Eluates were collected as 1 ml fractions and those containing the most HI activity were pooled and concentrated using Centricon-10 (Amicon) tubes. PAGE and Ouchterlony analysis confirmed purified antibodies as being either IgA or IgM (data not shown).
Aggregation of influenza virus by electron microscopy. Virus (500 HAU/ml) and purified antibody were incubated together for 60 min at 25 °C, negatively stained and examined with a Jeol JEM 1005 transmission electron microscope (Taylor et al., 1987) . Counts were made of the numbers of single virions and those in aggregates, and are expressed for each sample in terms of the average number of virions per aggregate.
Attachment of influenza virus to cells.
Radiolabelled virus (500 HAU/ml) and antibody were incubated at 25 °C for 60 min. Samples were inoculated onto cells to study attachment and simultaneously tested for neutralization, remaining HA activity and aggregation.
For attachment studies, monolayers of BHK cells (approximately 3 x 106), suspensions of chicken erythrocytes (1 x l0 s) or batches of tracheal organ cultures (10 cultures) were inoculated with 100 ~tl 32p_ labelled virus-antibody mixtures, incubated for various times at 37 °C, then washed extensively with chilled phosphate-buffered saline (PBS) to free unattached virus. Cells were collected and sonicated. The number of cells per monolayer was determined using a set of parallel plates, where the cells were freed using trypsin and then counted. Epithelial cells were released by protease digestion of the organ cultures (as described above).
Attachment of influenza virus to N-acetyl neuraminic acid (NANA).
To determine whether neutralized virus was attaching to NANA, batches of organ cultures or BHK monolayers were pre-treated with either 0.5 ml PBS or PBS containing 0-5 U neuraminidase (Clostridium perfringens V) (Sigma) for 60 min at 37 °C. The cells or organ cultures were washed once with PBS and then inoculated with radiolabelled infectious or neutralized virus. The amount of virus attaching was then determined as above.
Measurement of internalization of influenza virus by cells.
BHK or organ cultures were inoculated with radiolabelled virus at 37 °C for 5 or 60 min. After washing with PBS, cells were treated with either 0.5 ml PBS or PBS containing 0.5 U neuraminidase for 60 min at 37 °C to remove attached but non-internalized virus (Matlin et al., 1981; Richman et al., 1986) . Radioactivity remaining cell-associated was determined as above.
Results

Neutralization of influenza virus by lgM and IgA
Neutralization of 500 HAU/ml of mFPV/R by increasing amounts of purified polyclonal mouse IgM and of . Neutralization of (a) mFPV/R infectivity by polyclonal IgM and of (b) A/PR/8/34 by monoclonal polymeric IgA, Dilutions of purified immunoglobulin were added to an equal volume of virus so that the final mixture contained 500 HAU/ml; this was incubated for 60 min at 25 °C and the remaining infectivity determined by plaque assay. Note that the y axis is arithmetic above the break and logarithmic below. In (b) infectivity was undetectable at the higher HIU:HAU ratios.
A/PR/8/34 by purified monoclonal mouse IgA are shown in Fig. 1 
Aggregation of influenza virus by IgM and IgA
Aggregation of 500 HAU/ml of mFPV/R by increasing amounts of IgM was determined by electron microscopy (Fig. 3) . Half-maximal aggregation occurred at a log10 HIU : HAU ratio of -1.4. This concentration of IgM caused no loss of infectivity, probably because IgMvirus aggregates were unstable and easily dispersed by dilution and the shearing forces of vortexing and pipetting employed during the plaque assay. Increasing the ratio of IgM to virus gave a maximum of 4.6 virions Fig. 2 . Assay of the multiplication of (a) mFPV/R neutralized by IgM and of (b) A/PR/8/34 neutralized by polymeric IgA on mouse tracheal organ cultures. Virus-antibody mixtures contained 500 HAU/ml and were incubated at 25 °C for 60 min. Two-hundred ktl samples were added to batches of 18 tracheal organ cultures. After 60 rain at 37 °C the cultures were washed with PBS, placed individually in wells of a microtitre tray in 50 ixl of medium and incubated at 37 °C. At intervals the medium was harvested and infectivity determined by plaque assay. In (a) the ratio of HIU :HAU was 10 -0.4 (I) and 100.5 (A); in (b) 100. per aggregate and a further increase of IgM concentration resulted in the virus preparation becoming essentially monodisperse. At this point the virus was approximately 90~ neutralized and electron microscopy observation showed the virions to be heavily coated with antibody (data not shown). If the aggregates were stable the theoretical maximum loss of infectivity due to aggregation alone would be 67 ~. This is calculated from the ratio of the reciprocal of the maximum average number of virions per aggregate for IgM-neutralized virus (4.6) to that of non-neutralized virus (1-5) i.e.
[1 -(1-5/4-6)] x 100 = 67~. Aggregation of 500 HAU/ml of A/PR/8/34 by monoclonal polymeric IgA was similar to that described for IgM, except that half-maximal aggregation and 50~ neutralization occurred at the same HIU :HAU ratio (data not shown). This suggests that IgA-virus aggregates were more stable. Aggregation was no longer seen when the amount of IgA was increased. IgA-mediated aggregation accounted for a theoretical maximum neutralization of 41 ~, whereas the virus was actually more than 99~ neutralized.
Relationship between attachment of virus to cells and neutralization by IgM and IgA
There was a close correspondence between neutralization and inhibition of the ability of IgM-virus complexes to attach to mouse tracheal epithelial cells, BHK cells and chicken erythrocytes (Fig. 4) , suggesting that these events were related. The maximum inhibition of attachment of IgM-virus complexes to tracheal epithelial and BHK cells was 70~o, although the virus was usually neutralized by about 90~ indicating that failure to attach was not the only factor affecting neutralization. However, attachment to chicken erythrocytes was more extensively inhibited (> 95 ~), showing how the cell type can affect interaction with neutralized virus.
Increasing concentrations of IgA also inhibited virus attachment to each cell type (Fig. 5) . Maximum inhibition was 70 to 90%, although neutralization exceeded 99~. It is difficult to be sure of the exact correlation between inhibition of attachment and neutralization because the infectivity fell so abruptly with a small increase in IgA concentration (Fig. 1 b) . With further increases in IgA concentration there was no change in the amount of A/PR/8/34 attaching to BHK cells (Fig. 5b ) or chicken erythrocytes (Fig. 5c ), but attachment to tracheal epithelial cells (Fig. 5 a) returned to its original value and then exceeded this approximately 2.5-fold, although this was not accompanied by any increase in infectivity for tracheal organ cultures (Fig. 2b) .
To determine whether or not virus neutralized by high concentrations of IgA attached to the NANA receptor used by infectious virus, cells were incubated with neuraminidase before inoculation. Table 1 shows that attachment to BHK cells by infectious or IgA-neutralized virus was inhibited to the same extent, whereas attachment of IgA-virus complexes to tracheal epithelial cells was relatively unaffected even at sub-neutralizing concentrations of IgA. We conclude that virus neutralized by high concentrations of IgA attached to BHK cells via the NANA receptor, whereas IgA-virus complexes attaching to tracheal epithelial cells did so via a neuraminidase-resistant receptor. By contrast similar experiments demonstrated that IgM-neutralized virus attached to neuraminidase-sensitive receptors on both BHK and tracheal epithelial cells (data not shown).
Internalization of neutralized influenza virus by cells
Internalization of the proportion of neutralized virus that was able to attach to cells was determined by the acquisition of resistance to release by digestion with neuraminidase. Table 2 shows that non-neutralized mFPV/R became more resistant to neuraminidase removal after it had been incubated with either tracheal epithelial cells (line 1) or BHK cells (lines 3 and 5), demonstrating that the virus was being internalized by the cells, mFPV/R neutralized with a range of IgM concentrations failed to acquire neuraminidase resistance with time and remained susceptible to detachment from both cell types (lines 2, 4 and 6), demonstrating that Virus-antibody mixtures containing 500 HAU 32p-labelled virus/ml were incubated for 60 min at 25 °C. The amounts of virus attaching were determined as described in Methods. Also shown on the same scale is the IgA neutralization profile (---) . Note that the y axis is arithmetic above the break and logarithmic below. * 32p-mFPV/R (500 HAU/ml) was incubated with antibody or diluent for 60 min at 25 °C. Virus was neutralized by 70 to 90~. t Compared to the non-neutralized controls at 60 rain post-infection. :~ Cells were inoculated for 5 or 60 min at 37 °C and then treated with neuraminidase at 37 °C for 60 min. § Relative increase in neuraminidase resistance; value at 60 min/value at 5 min, no increase would be denoted by a value of 1.0.
II OC, tracheal organ culture. (Table 3, lines t, 3 and 5) , showing that internalization was occurring. IgA-neutralized virus attached to BHK cells remained susceptible to neuraminidase removal (lines 4 and 6) and was not internalized. The situation in regard to tracheal epithelial cells is more complicated. Attachment was enhanced (line 2, column 4) compared to infectious virus (line 1, column 4; Fig. 5a ). When neuraminidase was added after only a 5 min incubation of virus with cells (line 2, column 5) the virus was removed, indicating that it had attached to the NANA receptor. However, if incubated for 60 min before the addition of neuraminidase (line 2, column 6) the virus was more resistant to removal. The IgA-virus complexes may have been internalized by the tracheal epithelial cells, but the evidence for enhanced attachment suggests that other, possibly Fc, receptors are involved. It may be that IgA-neutralized virus initially attaches to epithelial cells via NANA (at 5 min), but with prolonged incubation (at 60 min) the IgA-virus complexes become attached to a neuraminidase-resistant Fc receptor. Whether or not such IgA-virus complexes are then internalized is not known.
Discussion
Earlier reports on the mechanism of neutralization of influenza virus by rat polyclonal secretory IgA and rabbit polyclonal IgM used only BHK cells and a single high concentration of immunoglobulin (Taylor & Dimmock, 1985a, b) . These studies have been extended in several respects. Firstly, a range of antibody:virus ratios was used to mimic the various situations that might be found in oivo. This work was stimulated by the finding that high concentrations of neutralizing IgG did not prevent virus attachment to tracheal epithelial or BHK cells, but lower HIU : HAU ratios significantly inhibited this interaction (M. C. Outlaw et al., unpublished) . A constant virus concentration was used to enable us to correlate neutralization, aggregation and virus attachment to cells, whereas previous studies (Taylor & Dimmock, 1985a,b; Taylor et al., 1987) compared parameters of neutral-ization in virus-antibody mixtures differing in virus concentration by many orders of magnitude. A single species experimental system was also used. This consisted of murine cells, antibodies and viruses that multiply in and are pathogenic for mouse tracheal organ cultures, as judged by their ciliostatic effects (data not shown). The use of organ cultures has enabled us to study the interactions of neutralized virus with cells that are in their normal differentiated state and tissue organization and are those naturally infected in vivo.
Neutralization increased proportionately with added IgM to about 909/0 and there was usually little further loss of infectivity, despite raising the IgM concentration by over 10-fold. Neutralizing concentrations of IgM inhibited the attachment of virus to tracheal epithelial and BHK cells by approximately 70~o, but this was insufficient to account for the 909/0 neutralization observed. It follows that a minority of virions could still attach to cells and initiate infection despite being coated with IgM molecules. IgM-neutralized virus, which attached to tracheal epithelial and BHK cells, could be released by neuraminidase, whereas infectious virus became more resistant with time. This is consistant with the conclusion by Tayor & Dimmock (1985a) that IgM sterically hinders both the attachment of virus to cells and its internalization. The extent of neutralization even with high concentrations of IgM varied from 70 to 90~, far more than with IgA. IgM-mediated aggregation peaked below the minimum neutralizing concentration and thus did not contribute to neutralization in vitro. Presumably aggregates were unstable. Overall, IgM-neutralized virus appeared to interact in a similar way with tracheal epithelial and BHK cells, giving confidence that the latter can be used to assess neutralizing IgM in a manner relevant to the in vivo situation.
Monoclonal polymeric IgA neutralized A/PR/8/34 on BHK cells to 99.9 Y/o, but otherwise was essentially similar to that described above for IgM and mFPV/R, except that aggregation was coincident with loss of infectivity and may thus have contributed to it. The situation was different with tracheal epithelial cells, indicating that caution is required when extrapolating from one cell type to another. Lower ratios of neutralizing IgA :virus inhibited attachment to tracheal epithelial cells and BHK cells, but increasing the IgA concentration restored and then enhanced virus attachment to tracheal epithelial cells by up to sixfold (Fig. 5, Table 3 ). We think that IgA-neutralized virus initially attached to NANA, as 5 min after inoculation the virus was susceptible to release by neuraminidase. However, 60 min after inoculation attached IgA-virus complexes were resistant to neuraminidase. It therefore seems likely that they had either been internalized by the cell, or were now attached to a neuraminidase-resistant receptor e.g. an Fca receptor. The fact that IgA-virus complexes could attach to neuraminidase pre-treated cells (Table 1, lines 2 to 4) and, at high HIU :HAU ratios, attached more efficiently than infectious virus (Table 3 , line 2) makes us favour the latter view.
Others have noted that high concentrations of IgG inhibit attachment of influenza virus to chicken erythrocytes (Possee et al., 1982; Dimmock etal., 1984; Taylor & Dimmock, 1985a ). This conclusion is true for IgG over a range of concentrations (M. C. Outlaw et al., unpublished) , as well as for IgA and IgM, as described above, although attachment is never completely inhibited. Inhibition values for IgG, IgA and IgM of 70, 90 and >95~o, respectively, suggest that their activity is proportional to their Mr.
The use of a system which most closely parallels that in vivo (murine tracheal cells and polymeric IgA) has shown aspects of the interaction of neutralized virus with host cells, namely attachment properties, which were not seen when hamster cells were used. Thus, although heterogeneous species systems can give data which appear to parallel those in vivo (e.g. murine IgM and hamster ceils), this is not always so.
